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PET combinedwith CT has proven to be a valuablemultimodality
imaging device revealing both functional and anatomic informa-
tion. Although PET/CT has become completely integrated into
routine clinical application and also has been used in small-animal
imaging, CT provides only limited soft-tissue contrast and, in
preclinical studies, exposes the animal to a relatively high radia-
tion dose. Unlike CT, MRI provides good soft-tissue contrast
even without application of contrast agents and, furthermore,
does not require ionizing radiation. Methods: This project fo-
cused on combining a high-resolution PET scanner with a 7-T
MRI system for animal research. Because classic PET detectors
based on photomultiplier tubes cannot be used in high magnetic
fields, we used a detector technology based on 10 · 10 lutetium
oxyorthosilicate crystal arrays and 3 · 3 avalanche photodiode
arrays. A ring of such PET detectors will ultimately be used as
an insert for the 119-mm-diameter MRI bore. Results: Initial
measurements with 1 PET detector module in the 7-T field during
application of MRI sequences were encouraging. Position pro-
files from the PET detectors and a first MR image of a mouse
could be acquired simultaneously. Conclusion: Further work
will concentrate on the construction of a full PET detector ring
with compact, integrated electronics.
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Nuclear imaging modalities such as PET or SPECT are
distinguished from other functional in vivo imaging sys-
tems through their high sensitivity. Especially with PET,
sensitivities in the picomolar range can be reached, pro-
viding quantitative in vivo information about functional
processes such as glucose or amino-acid metabolism,
receptor–ligand binding, or gene expression. However, PET
generally provides limited anatomic information. For tracers

and biomarkers with a high specificity or an unknown bio-
distribution, it is often difficult to determine exactly where
they localize in vivo. This is a major drawback for high-
resolution animal PET studies, especially in basic biomed-
ical research applications such as cell-trafficking studies or
new drug and tracer development. Although, in clinical
applications, the combination of PET and CT scanners has
already been established (1–7), many efforts are being
made to combine high-resolution animal PET with dedi-
cated CT systems to obtain anatomic information in pre-
clinical studies (8). However, CT has low soft-tissue contrast
and uses relatively high doses of ionizing radiation, which
might have biologic effects on the animal models being
studied (9). As an alternative, MRI can provide high spatial
resolution and excellent soft-tissue contrast for anatomic
imaging but suffers from poor signal strength, leading to
low sensitivity for functional imaging. Thus, a combination
of PET and MRI would be ideal for imaging in vivo
functional processes and for providing advanced anatomic
information with high soft-tissue contrast.

Standard PET detectors are based on photomultiplier
tubes that read the light from scintillation crystals. Photo-
multiplier tubes are sensitive to magnetic fields even in the
millitesla range. The magnetic field causes electrons to
deviate from their original trajectory, resulting in a loss of
gain. Thus, a combined PET/MRI scanner based on photo-
multiplier tube detectors can be realized only with optical
fibers transporting the scintillation light outside the fringe
magnetic field (10,11). Using long fibers to read the scin-
tillation light causes several problems, such as light loss,
resulting in degradation of energy and timing resolution. In
addition, the more complicated design becomes impractical
for a large number of detectors because of the large volume
of fiber optics. Thus, the axial extent of the field of view of
an optical fiber–based PET/MRI system will always be
limited.

Avalanche photodiode (APD) technology has made big
advances over the last few years (12,13). These compact and
reliable silicon-based devices have successfully been used
to replace bulky photomultiplier tubes in high-resolution
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PET systems (14,15). APDs have been tested in high
magnetic fields of up to 9.4 T (16) without showing any
performance degradation. Hence, compact APD-based de-
tectors offer new possibilities in merging PET and MRI.

Our group focuses on cell-trafficking research on small
animals in the fields of oncology and immunology. Although
microPET (Concorde Microsystems Inc.) scanners (17,18)
provide exceptional temporal and functional information and
a spatial resolution of approximately 1 mm in the recon-
structed images, we see that a strong need for anatomic
information still exists. High-resolution animal CT does not
provide the required soft-tissue contrast for many applica-
tions and is coupled with a significant radiation dose of up to
0.121 Gy per scan (19,20). This is especially problematic in
the field of immunology but also in longitudinal oncology
studies (21,22). In addition, iodine-based contrast agents
used in CT to enhance soft-tissue contrast are much more
likely to cause biologic side effects than is any gadolinium-
based MRI contrast agent (23,24).

Figure 1A shows an example of an in vivo cell-trafficking
study; 106 tumor antigen (Tag)–specific Th1 cells were
labeled in vitro with 64Cu-pyruvaldehyde-bis(N4-methyl-
thiosemicarbazone) (25) and transferred to transgenic
RIP1-Tag2 mice (26) via intraperitoneal injection. Pancre-
atic tumors developed in the RIP1-Tag2 mice, and the goal
of the study was to visualize Th1 cell trafficking for a new
immunotherapy. The high-resolution PET revealed highly
specific uptake (Fig. 1A) of labeled Th1 cells in the ab-
dominal area, but the uptake locations could not be clearly
assigned to a specific organ because of the lack of
anatomic information.

In sharp contradistinction, Figure 1B shows an MR image
of a mouse scanned in a 7-T tomograph (BioSpec; Bruker
BioSpin) with application of a proton-weighted spin-echo
sequence (Table 1). The MR image shows detailed ana-
tomic structures with superior soft-tissue contrast although
no contrast agents were administered.

Figure 1C shows a CT image of a mouse without appli-
cation of any contrast agent, resulting in a lower soft-tissue
contrast than on the MR image (Fig. 1B). Thus, high-field
MRI seems to be the ideal modality to supplement PET
images with anatomic information.

For most circumstances in small-animal imaging, the
accuracy of software-based image registration is unlikely to
be sufficient for localization, especially in studies that focus
on small lesions such as lymph nodes or that require long,
dynamic PET scans to obtain temporal information about
tracer distribution. The depth of breathing and the position
of the animal change when an animal is kept under anes-
thesia for several hours. In addition, transferring an animal
from one modality to another causes inaccuracies in animal
positioning and adds anesthesia time.

Integrating a PET scanner into a high-field MRI scanner
might also provide advanced in vivo spectroscopic infor-
mation on tracer stability and binding. Furthermore, a pos-
itive side effect of operating a PET scanner inside an MRI
scanner is that magnetic fields of more than 5 T have been
shown to improve the spatial resolution of PET by reducing
the mean free path of the positrons (27).

The goal of this project was to build a PET detector to fit
inside the standard gradient set of a 7.05-T MRI scanner
(BioSpec) (Fig. 2). Because the gradient set and the 35-mm
mouse radiofrequency (RF) coil (Bruker BioSpin) are sep-
arated by only a 29-mm space, the PET detector needs to be
compact. This requirement can easily be achieved by using
an APD-based PET detector and integrated preamplifier
electronics.

The main questions to be considered with this approach
are whether APD-based PET detectors work reliably in a
7-T magnetic field while gradients and RF pulses are
applied, whether shielding materials can be used to prevent
electromagnetic fields from causing distortions and noise in
the PET electronics, whether MRI is possible with a PET
detector in the MRI scanner, and whether PET is possible
with application of MRI pulse sequences.

MATERIALS AND METHODS

7-T MRI Tomograph
All studies were performed on a 7.05-T MRI tomograph

(BioSpec) with a proton frequency of 300 MHz. The 7.05-T
magnet was equipped with a gradient-coil system (Magnex
Scientific). The gradient set had an inner diameter of 119 mm
and provided a gradient strength of 95 mT/m at a maximum

FIGURE 1. (A) Functional information at highest sensitivity is
provided by PET images. (B) MRI provides superior anatomic
informationwith excellent soft-tissue contrast. (C) High-resolution
animal CT also provides good anatomic information but has
poorer soft-tissuecontrastand requiressignificant radiationdose.

TABLE 1
Parameters of Applied MRI Sequences

Sequence Matrix

Pixel

size (mm)

Recovery

time (ms)

Echo

time (ms)

Spin echo 128 · 128 or

256 · 256

0.6 2,415 22

Gradient echo 128 · 128 or

256 · 256

0.6 300 7.1
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current of 200 A. For MRI data acquisition, image display, and
data analysis, the ParaVision software platform (Bruker BioSpin)
was used. Standard MRI spin-echo and gradient-echo sequences
provided by the ParaVision software were used for the tests. Table
1 describes these sequences and shows the chosen values for
recovery time, echo time, and pixel size. The chosen matrix size
was either 128 · 128 or 256 · 256. The gradient echo used a 30�
tip angle. A 35-mm-diameter RF probe coil (Bruker BioSpin)
was tuned and matched to its optimum. The gradient coils were
shimmed by using the automatic shimming tool provided by the
ParaVision software.

As a phantom, a glass sphere 30 mm in diameter and filled with
150 mmol of NaCl was used.

PET Detector Setup
A monolithic 3 · 3 APD array (Hamamatsu Photonics) (13)

was connected to 9 charge-sensitive preamplifiers (Max-Planck-
Institute for Physics) (28). The individual APDs of the array had
an active surface of 5 · 5 mm and an internal gain of approxi-

mately 100 at a bias voltage of approximately 360 V. The dark
current was approximately 10 nA per APD. The high voltage was
supplied by a low-noise power supply (series 230; Bertan) placed
outside the 5-G fringe field. The hybrid charge-sensitive pream-
plifier (28) had a gain of 0.5 mV/electron, a signal rise time of
20 ns, and a noise of 560 electrons 1 17 electrons/pF noise slope
(50-ns integration time). The APD array and the preamplifiers
were mounted on a standard printed circuit board, with the APD
array approximately 60 mm away from the preamplifiers (Fig. 3).
The high voltage and the 612-V direct-current preamplifier power
were supplied and the amplifier signals were read by 4-m-long
nonmagnetic 50-V coaxial cables.

Determination of Frequency Line Width for Different
Materials

The 29-mm distance between the RF and gradient coil provides
enough space for the future lutetium oxyorthosilicate (LSO)-APD
PET detector (Fig. 2). The most important detector materials
(APD array, LSO crystal block, and electronics) were placed
outside the RF coil, and the frequency line widths for the different
materials were determined to detect their potential influences on
the homogeneity of the magnetic field. Thus, materials influencing
the homogeneity of the magnetic field would broaden the fre-
quency line width. The ParaVision software provides an auto-
mated routine for determining the frequency line widths.

Basic Tests with LSO-APD PET Detector in Magnet
For energy spectrum acquisitions, a single 2 · 2 · 6 mm LSO

scintillation crystal (CTI Inc.) was wrapped in 6 layers of Teflon
(DuPont) tape and coupled by optical grease (BC-630; Bicron) to
the center APD of the array. The reason for using a single crystal
rather than an LSO crystal block, as in the final detector design, is
that an analysis of spectra derived from a single crystal is much

FIGURE 2. Top sketch shows ring consisting of compact
LSO-APD detectors, which will be inserted into 7-T MRI scan-
ner. PET detector will be mounted between RF and gradient
coils to allow simultaneous PET/MRI. Bottom sketch shows
longitudinal (axial) section through MRI scanner and PET insert.
FOV 5 field of view; PCB 5 printed circuit board.

FIGURE 3. LSO-APD detector assembly: 10 · 10 LSO array
(center right) was coupled by custom-made light guide to 3 · 3
APD array (bottom right). Signals were read by 9 hybrid charge-
sensitive preamplifiers (top). Nonmagnetic 50-V coaxial cables
were used to channel signals out of magnet. Sketch shows
dimensions (in mm) of 3 · 3 APD array.
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more accurate. Thus, even minimal deviations in energy resolu-
tion, 511-keV peak position, or the ratio of Compton events to
photo effect can much more easily be detected.

For energy spectra acquisitions with the single LSO crystal, an
approximately 3,700-kBq 22Na source was used (Isotope Products).
The analog APD signals were amplified by the preamplifier and
shaped (500-ns integration time) with a 579-filter amplifier (Ortec)
before being digitized with a multichannel analyzer (MCA 8000A;
Amptek). Energy resolution and peak position (511 keV) were
analyzed with the MCA 8000A software package. All electronics
except the detector and preamplifier were placed outside the fringe
magnetic field.

To ensure stable operation of the sensitive PET detector elec-
tronics without oscillations or excess noise, electrical shielding is
important. For the basic tests of the APD detector with the single
LSO crystal, we used a standard electronics aluminum enclosure
approximately 3 mm thick—usually applied for sensitive elec-
tronics circuits—that fit in the bore of the 7-T magnet. However,
because the aluminum housing for the entire PET detector was too
large to fit inside the RF coil, the detector was positioned inside
the gradient coil of the 7-T MRI scanner but in front of the RF coil
(position is indicated with an ‘‘A’’ in Fig. 2). Thus, the PET detector
was not in the same position as it would be in the final system.

Energy spectra were acquired with this assembly outside the
magnetic field, inside the MRI scanner, and while applying gradi-
ent and spin-echo sequences to encounter potential effects of the
MRI system on PET detector performance.

Optimization of PET Detector Shielding
The APD array and charge-sensitive preamplifiers in the final

setup need to be shielded to avoid electronic oscillations, or signal
pickup, and to reduce noise caused by RF signals, gradient
switching, or other external sources. High-frequency electronics
are usually shielded with aluminum or copper enclosures con-
nected to a ground. For the final PET detector insert, the LSO-
APD modules will be arranged radially around the RF coil. To
optimize shielding, we placed the PET detectors and amplifiers
between 2 concentric metal cans having a lid on both ends. As
material, we considered using copper, brass, or aluminum. Be-
cause copper is easy to machine, nonmagnetic, nonferromagnetic,
and known to be a good electrical shielding material, the 2 con-
centric metal cans were based on copper with 99% purity to
minimize ferromagnetic contamination. The first prototype had a
material thickness of 0.8 mm to optimize mechanical stability and
shielding. The second prototype had only a 0.15-mm material
thickness. To reduce potential eddy currents induced by the
gradients, we made an axial slit in each of the 2 cans.

The RF coil was placed inside the smaller can, and the
assembly was inserted into the MRI scanner. To detect potential
effects on MR image quality, we scanned the NaCl-filled phantom
and determined the signal-to-noise ratio (SNR) with the Para-
Vision software by placing a region of interest (;1.5 cm in diam-
eter) in the reconstructed MR image inside the phantom and at the
background outside the phantom.

Acquisition of PET Position Profiles While Applying
MRI Sequences

Position profiles were acquired with a 10 · 10 LSO block
having a crystal size of 2 · 2 · 12 mm (13). The crystal block was
coupled by a custom-made 3.5-mm-thick acrylic light guide (13)
and optical grease to the APD array. All energy spectra and

position profiles were acquired with a sealed 22Na disk source of
approximately 3,700 kBq (Isotope Products). The 9 APD signals
were first shaped (integration time, 150 ns) with a custom-made
9-channel shaping amplifier board, followed by a 200-ns integra-
tion applied by a N568 spectroscopy amplifier board (CAEN). The
shaped signals were simultaneously digitized by a PD2MFS-C-UT
data acquisition board (United Electronics Industries, Inc.). A
trigger signal had to be generated to initiate a conversion start
signal for the data acquisition board (29). This trigger signal was
derived by summing all 9 preamplified nonshaped APD signals by
a dedicated fast summing circuit board and feeding its output into
a constant fraction discriminator (TC-435; Tennelec). Again, all
electronics beyond the preamplifier were located outside the fringe
magnetic field. The LSO-APD detector including the 9 preampli-
fiers was built between the 2 copper cans and placed with the RF
coil inside the MRI scanner as described before. The setup of the
LSO-APD PET detector was optimized for RF shielding and
analog ground distribution. In addition, we took care that the main
components were nonmagnetic, although this was not the case for
some of the surface-mount devices such as capacitors or resistors
on the preamplifier board. Position profiles were acquired with the
PET detector and shielding cans in the MRI scanner before and
during MRI of the NaCl phantom. Spin-echo and gradient-echo
imaging sequences were used (Table 1). The noise levels of the
PET detector and the SNR from the MR image were analyzed.
The position profiles were analyzed by a custom software tool
(29), and profiles through the MR images were drawn with the
ParaVision software tool, revealing inhomogeneities in the images.

Phantom Imaging to Determine SNR from LSO and APD
Array

Although the studies described in the previous section were
performed with electronics boards consisting of some magnetic
parts (capacitors and resistors) and copper cans shielding the
electronics, we further investigated the influence on the MR
images of the 2 most important parts of the PET detector: the
APD array and LSO block itself. The APD array and LSO block
were placed around the RF coil with no shielding, and the NaCl
phantom was again imaged with spin-echo and gradient-echo
sequences. The SNR was analyzed in the reconstructed images. In
contrast to the frequency line width, these measurements indicated
potential effects of the materials on the gradients.

RESULTS

Determination of Frequency Line Width for Different
Materials

Basic measurements concentrated on the influence of
essential detector materials—such as the LSO crystal block,
APD array, printed circuit board, and amplifier—on MRI,
specifically on MRI field homogeneity and RF effects. The
PET detector materials were placed outside the RF coil, and
the frequency line width was determined. The frequency
line width was 24 Hz without any materials and for all
materials placed in the scanner. Thus, no significant changes
in frequency line width were observed, indicating that the
chosen PET detector materials might not affect MRI field
homogeneity.
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Basic Tests with LSO-APD PET Detector in Magnet

The measurements with a single LSO crystal coupled to
the center APD of the array are summarized in Table 2. For
this test, the APD and preamplifier were placed in an
aluminum box, achieving good shielding for the PET
electronics. Different MRI sequences were applied, and
the 511-keV peak position and 511-keV energy resolution
(full width at half maximum) were determined (Table 2) in
order to reveal potential effects of the MRI sequences on
PET detector performance. Figure 4 shows a representative
energy spectrum from a 22Na source, acquired with the
LSO-APD detector while a spin-echo sequence was ap-
plied. The data are represented as mean 6 s (n 5 3).
Although the energy resolution was best (14.0%) when the
detector was placed outside the MRI scanner, it degraded
only slightly inside the scanner (14.6%). Energy resolution
degraded when MRI sequences were applied (18.2% and
18.7% for gradient echo and spin echo, respectively). This
degradation was caused by noise picked up from the MRI
gradients and RF pulses. An energy resolution in this range
is still acceptable for PET, but there are ways to improve
the range by shielding and ground distribution. More
important, the peak position did not change significantly
for the different tests.

Optimization of PET Detector Shielding

Basic tests using sheets of copper, brass, and aluminum
in the MRI scanner while applying spin-echo sequences
showed that copper influenced MR images the least. Two
concentric copper cans—one having a material thickness
of 0.8 mm and the other having a material thickness of
0.15 mm—were built. Although MRI with the 0.8-mm copper
cans surrounding the RF coil was impossible (Fig. 5B),
MRI of the NaCl phantom with 0.15-mm copper was
feasible (Fig. 5C). However, the images revealed an ap-
proximately 30% reduction in SNR (from 43 to 30),
compared with the same phantom imaged without the
copper shielding (Fig. 5A). This loss of signal was most

probably caused by increased eddy currents in the thicker
material. The chosen imaging protocol was based on a spin-
echo sequence with a 128 · 128 matrix and the parameters
shown in Table 1. For these measurements and the tests in
the next sections, the setup shown in Figure 6 was used.

Acquisition of PET Position Profiles While Applying
MRI Sequences

On the basis of the encouraging results with the single
LSO crystal coupled to the APD detector and operated in
the MRI scanner while applying imaging sequences, we
performed further tests with the LSO crystal block and
the APD array. Figure 7A shows the position profile of the
LSO-APD detector acquired outside the MRI scanner. The
PET detector electronics were shielded by the 2 copper
cans (0.15-mm material thickness) as described. A total of
64 individual crystals (8 rows and 8 columns) from the 10 ·
10 LSO block could be separated in the position profiles.
The outer 2 rows of the block could not be separated, most
likely because the positioning of the light guide and LSO
array was not accurate enough in this prototype setup.
Nevertheless, the same setup was used in combination with
the RF coil and the NaCl phantom inside the MRI scanner
(Fig. 6). Position profiles were acquired while the setup was
in the MRI scanner (Fig. 7B) and while applying the spin-
echo imaging sequence (Table 1). The resulting position
profiles are shown in Figure 7C. Although the position
profiles acquired in the MRI scanner look noisier than the
one acquired outside the MRI scanner, all 64 crystals could
be separated clearly. The additional noise might be reduced
by a proper setup based on a multilayer printed circuit
board, better signal shaping, and optimized grounding and
shielding. The oscilloscope picture in Figure 7C shows
increased baseline noise caused by the applied MRI se-
quence. However, this effect does not influence the position
profile (Fig. 7C). Although acquiring the position profiles,

TABLE 2
Acquisition of Energy Spectra with LSO-APD Detector

PET detector

location

Applied

sequence

511-keV peak

position (norm.)

511-keV energy

resolution (%)

Outside 5-G

field

NA 1.0 14.0 6 0.2

Inside MRI

scanner

NA 1.1 14.6 6 0.3

Inside MRI

scanner

Shimming 1.0 15.3 6 0.3

Inside MRI

scanner

Gradient echo 1.0 18.2 6 1.5

Inside MRI
scanner

Spin echo 1.0 18.7 6 1.8

norm. 5 normalized; NA 5 not applicable.

FIGURE 4. Representative 511-keV energy spectrum acquired
with LSO-APD detector in 7-T MRI scanner while applying spin-
echo sequence. Energy resolution was 18.7% (511 keV, full
width at half maximum). Although energy resolution is still good
and linearity is maintained between the two 22Na peaks, MRI
sequence causes increased noise in low-energy region.
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the NaCl phantom was imaged with the spin-echo se-
quence. The reconstructed MR image of the NaCl phantom
is shown in Figure 8 and reveals a significantly reduced
SNR—by a factor of 10 compared with the control mea-
surement (Fig. 5A)—and a 50% inhomogeneity in signal
amplitude. As a general proof of principle, a first MR
image of a dead mouse was obtained while the PET
detector was in the MRI scanner and acquiring data.
Although the image of the mouse was reduced in quality,
anatomic details could be detected clearly and might
already provide sufficient morphologic information for
many imaging studies.

Phantom Imaging to Determine SNR from LSO and APD
Array

The measurements described in Figure 8 showed a signif-
icant reduction of SNR in the MR image. Because the
measurements of the frequency line width revealed no
broadening of the frequency line, the reduction of SNR was
likely not caused by the RF but by the gradients. Because we
had few resistors and capacitors on our electronics board

showing residual magnetism, which might interfere with the
gradients, it was important to test the parts essential
for building a detector unit. The main components of
the detector are the LSO block and the APD array, both of
which are nonmagnetic. For all other parts, such as
resistors or capacitors, we found nonmagnetic alternatives.
However, we placed the LSO block and APD array around
the RF coil and inserted the setup, including the NaCl
spheric phantom, inside the MRI scanner. As the imaging
sequence, we used spin echo as described in Table 1. The
reconstructed MR image of the NaCl phantom is shown
in Figure 9; no significant artifacts were visible and the
profiles revealed signal homogeneity of more than approx-
imately 90%. Because the SNR was comparable to the
control measurement (Fig. 5), the reduction of SNR was
likely caused only by interference of the gradients with parts
of the magnetic surface-mount device on the electronics
board.

In this experiment, the electronics were completely
removed. To exclude the possibility that the interference
arose from powered-on PET electronics, we repeated the
tests shown in Figure 8 with powered-off electronics, but
we saw no significant improvements.

DISCUSSION

Basic measurements with and without placement of
major detector components inside the gradient set revealed
no change in the frequency line width, indicating that the
detector components did not interfere with the RF pulses or
the main magnetic field of the scanner. Furthermore, images
acquired of a NaCl-filled phantom while the LSO block and
the APD array were placed around the RF coil showed no
degradation or artifacts (Fig. 9).

The acquired PET-detector energy spectra (Table 2) show
only slight degradation caused by gradients or RF pulses.
Optimized shielding might further reduce or even com-
pletely remove this interference.

Measurements with the entire APD and preamplifier
electronics chain showed that optimized electronics shield-
ing is vital to maintaining the quality of the low-amplitude
APD signals. Copper seems to be the best shielding

FIGURE 5. (A) NaCl-filled spheric phan-
tom imaged with spin-echo sequence
when no parts of PET detector or shield-
ing materials were in MRI scanner. Mea-
sured SNR is 43.1. (B) When mouse was
scanned with two 0.8-mm-thick copper
cans in field of view of magnet, almost no
signal could be measured. (C) SNR of
30.0 is obtained using copper cans with
0.15-mm material thickness.

FIGURE 6. Experimental setup consists of NaCl phantom (top
left), RF coil (top center, with mouse), 7-T BioSpec (Bruker
BioSpin) MRI scanner (right), and copper can that serves as
detector shielding (bottom left).
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material for electronics circuits, but its thickness influences
MR image quality. Although MRI was impossible with a
0.8-mm-thick copper shield, reducing the thickness to
0.15 mm allowed the acquisition of reasonable MR images
(Fig. 5). The SNR in that case was reduced by only 30%,
compared with the SNR of images acquired without any
shielding in the MRI scanner. More advanced shielding
designs might lead to an improved SNR for MRI.

Importantly, neither the performance of the APD array
nor that of the preamplifier electronics was destroyed or
degraded by application of gradients and different RF pulse
sequences. Tests performed over several days detected no
degradation of APD or electronics performance.

Although the simultaneously acquired position profiles
from the PET detector (Fig. 7) and the MR images (Fig. 8)

provide room for improvement, they clearly demonstrate
the feasibility of a combined PET/MRI system for simul-
taneous imaging of function and morphology.

In contrast to other proposed PET/MRI scanners
(10,11,30), our approach with APD-based detectors is not
limited in the axial field of view and will preserve a good
energy and timing resolution because no optical fibers are
involved.

CONCLUSION

We have shown for, what is to our knowledge, the first
time that simultaneous acquisition of PET data during
MRI is possible with an APD-based PET detector built
into a 7-T MRI scanner. We performed all our studies on a

FIGURE 7. Acquisition of position pro-
file with LSO-APD detector outside 7-T
magnet (A), inside magnet (B), and during
MRI with spin-echo sequence (C). Cor-
responding analog signals after 200-ns
shaping are shown below for detector in
magnet (B) and while applying spin-echo
sequence (C). Signal baseline shows
slightly increased noise level (oscillo-
scope pictures) when spin-echo se-
quence is applied. Square signal in
oscilloscope diagram shows trigger that
initiates sampling for analog–digital con-
version.

FIGURE 8. On left is MR image acquired
with spin-echo sequence during which
PET detector was also in MRI scanner
acquiring position profiles. Although an-
atomic details of mouse are visible, SNR
is obviously worse than in image shown
in Figure 1B. On right is MR image of
NaCl phantom and corresponding pro-
files through phantom. SNR was only 3.4.

DEVELOPMENT OF A PET/MRI SCANNER • Pichler et al. 645

by on March 14, 2017. For personal use only. jnm.snmjournals.org Downloaded from 

http://jnm.snmjournals.org/


7-T magnet dedicated for research on small animals.
However, we believe that the results are translatable to
clinical MRI scanners that have a magnetic field 2- to 5-
fold lower.

A combined PET/MRI system could be made even more
powerful if nuclear spectroscopy were to be applied at the
same time during PET. This would open new possibilities
for tracer evaluation in vivo.

The 7-T magnetic field would also shorten the mean free
path of the positron range (27); thus, image quality, espe-
cially in the field of small-animal imaging, might improve
significantly.

For further integration, we are working on a board layout
housing an integrated charge-sensitive preamplifier (13)
and the APD array. Several detector modules will be arranged
in a ring fitting into the 7-T magnet bore, as shown in
Figure 2, for further evaluation.
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phantom was about 45. Corresponding
profiles demonstrate good homogeneity.
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